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In 1999, an epidemiologic study by Savitz et al. (1) on cardiovascular disease mortality in a cohort of electric utility workers showed an association between exposure to extremely low frequency (ELF) magnetic fields and cardiovascular disease mortality. The association was attributable to arrhythmia-related death and acute myocardial infarction (AMI), while ischemic heart disease other than AMI and atherosclerosis did not show the same pattern. In another study based on utility company records, Sahl et al. (2) analyzed mortality from AMI and chronic coronary heart disease. They concluded that no association was observed either for AMI or for chronic coronary heart disease in relation to cumulative exposure to ELF magnetic fields, although the study also included results for AMI that suggested an association. Previous work in laboratory studies on human volunteers showed a reduction in heart rate variability upon intermittent magnetic field exposure (3). Heart rate variability is a marker of autonomic cardiac control, and reductions in heart rate variability have been shown to predict sudden death (4), all-cause mortality, and heart disease in prospective epidemiologic studies (5) (6) (7) (8) (9) . Acute effects on heart rate variability from ELF magnetic field exposure have been found in some later laboratory studies, but not all, and the presence of these effects appears to be correlated with the level of nervous system arousal (10) .
The aim of the present study was to investigate whether long-term exposure to ELF magnetic fields is associated with cardiovascular disease mortality, particularly AMI and arrhythmia-related death. An advantage over the previous studies was the substantial ELF magnetic field exposure diversity of a general population and the ability to control for several known risk factors for cardiovascular disease, including smoking, alcohol ingestion habits, physical activity, and body mass index (weight (kg)/height (m) 2 ). We also aimed to evaluate whether genetic susceptibility to cardiovascular disease modifies the relation between exposure and disease. Specifically, we wished to examine whether individuals with increased potential for genetic susceptibility to AMI are more vulnerable to long-term ELF magnetic field exposure. It was possible to examine this because we used a study population comprising a large series of twin pairs.
MATERIALS AND METHODS
The study was based on two subsamples from the Swedish Twin Registry, a nationwide registry including (in principle) all same-sex twins born in Sweden. We used the first cohort established in 1961, comprising 21,884 twins born in 1886-1925. They answered a questionnaire in 1967, and we coded their answers regarding their main occupation according to the Nordic version of the International Standard Classification of Occupations (produced by the International Labour Organization). In addition, we used data from the second cohort, established in 1971, comprising 36,854 twins born in . For this group, the questionnaire data go back to 1973.
Assessment of ELF magnetic field exposure was based on the occupation recorded in 1967 or 1973. Levels of exposure were obtained by linking the occupations to a previously elaborated job exposure matrix comprising the 100 most common occupations (among men) in Sweden. The exposure estimates of the occupations were based on at least four dosimetric full-shift measurements from different workplaces. In all, more than 1,000 measurements were carried out, as described in detail previously (11) . To increase the number of subjects, we used additional exposure information for some rare occupations (12) . Students, housewives, other subjects without an occupation, and subjects with occupations not included in the job exposure matrix were excluded from the analyses. The exposure metric used in the analysis was the geometric mean of average workday mean values. The exposures were divided into four groups: <0.10 µT (low exposure, reference group), 0.10-0.19 µT (medium exposure), 0.20-0.29 µT (high exposure), and ≥0.3 µT (very high exposure). The cutoff value for the reference group was set low in order to minimize misclassification in the reference group.
Information on cause-specific mortality was obtained through linkage with the causes-of-death registry, and both underlying and contributing causes of death were considered. Causes of death were coded according to the International Classification of Diseases. For the years 1967 and 1968, the Seventh Revision of the International Classification of Diseases was used; for 1969-1986, the Eighth Revision was used; and for 1987-1996, the Ninth Revision was used. We analyzed AMI as a primary cause of death and AMI as a primary or contributing cause. Furthermore, we collectively analyzed ischemic heart disease other than AMI, arrhythmia, and atherosclerosis as primary or contributing causes of death.
We calculated relative risk estimates based on Cox regression (13, 14) . All risk estimates were computed using SAS software (15) . In the Cox regression analysis, the basic time dimension was calendar years, and the subjects were considered to be at risk from study entry (1967 or 1973) to the end of follow-up (1996), the year of death, or age 75 years, whichever came first (age 85 years was used in the agestratified analysis). The numbers of study subjects, personyears of follow-up, and deaths occurring during the study period are shown in table 1. The four exposure levels were entered into the regression model as dummy variables. Age was entered as age at the start of follow-up. We used six categories of smoking habits: never smoker, previous smoker, and four groups of current smokers (depending on the number of cigarettes smoked per day). The other factors were entered as follows: body mass index (in quintiles), alcohol drinking habits (excessive consumption vs. lower consumption), and physical activity during leisure time (regular or hard vs. light). To control for socioeconomic factors, we restricted the study population to manual workers in additional analyses. Alcohol drinking habits and physical activity showed no effect on the relation and thus were deleted from the final model. By means of Cox regression, we evaluated potential exposure-response associations using trend tests with the assumption of equal distance between the four exposure levels.
If a twin in a pair had died from AMI before age 75 years, we used this as a marker of potential genetic susceptibility to the disease in the other twin. Below, we use the expression "genetic susceptibility" even if the variable is a proxy marker. AMI mortality among persons with ELF magnetic field exposure only, persons with genetic susceptibility only, or persons with both factors was compared with the AMI mortality of a reference group comprising individuals unexposed to ELF magnetic fields and without any indication of genetic susceptibility. A dichotomized measure of ELF magnetic field exposure was used, with a cutoff at 0.20 µT.
We analyzed the interaction between the two factors by testing whether the joint effect was greater than the sum of the independent effects of the single factors by calculating the synergy index (16) . Confidence intervals for the synergy index were calculated according to the method of Hosmer and Lemeshow (17) . A computer program developed by Lundberg et al. (18) that calculates the confidence limits was modified in order to fit the Cox regression analysis. In all of the analyses described above, the twin subjects were treated as a sample of individuals from the general population, disregarding twinship (19) . To ensure that confi- dence intervals were not erroneously narrowed because of similarities within pairs, we performed Cox regression analyses that adjusted variance estimates for correlated outcomes (20) (21) (22) . We accomplished this through the use of a macro in SAS that stems from the same theoretical background and yields the same results as does the published FORTRAN program of Lin (23) .
RESULTS
There was no overall increase in mortality across the exposure groups. The relative risks in the medium, high, and very high exposure groups were 0.95 (95 percent confidence interval: 0.87, 1.04), 0.98 (95 percent confidence interval: 0.89, 1.09), and 0.98 (95 percent confidence interval: 0.87, 1.10), respectively.
For AMI, we found low-level increases in the relative risks both for primary cause of death and for primary or contributing cause of death (table 2). The confidence intervals for the risk estimates were wide, but there was a suggestion of an exposure-response relation, and the test for trend yielded a p value of 0.05 for primary cause and a p value of 0.02 for primary or contributing cause. In the analysis of manual The relative risks for arrhythmia-related death were slightly higher than those for AMI, but the outcome was not TABLE 5. Relative risk of death and synergy index for acute myocardial infarction in relation to genetic susceptibility and occupational exposure to extremely low frequency magnetic fields, Sweden, 1967/1973-1996 * ELF, extremely low frequency; CI, confidence interval. † Adjusted for sex, age, smoking, and body mass index. ‡ Synergy index: 1 = no interaction; 2 = an effect among persons with both ELF magnetic field exposure and genetic susceptibility that is twice what would be expected from additivity of effects.
§ Includes monozygotic and dizygotic twins and twins of unknown zygosity. For ischemic heart disease other than AMI, we did not find any increased risk for the exposure groups; rather, the risk tended to be significantly decreased. For atherosclerosis, the relative risks were close to unity, but in the analysis of manual workers, an exposure-response relation was suggested (p = 0.05).
In the main analyses, we excluded subjects over 75 years of age, but in the age-stratified analysis we also analyzed subjects between 76 and 85 years of age. This analysis showed coherent results for persons under age 65 years and persons aged 66-75 years (table 4), while subjects aged 76-85 years at baseline showed a reduced risk of AMI.
A small effect of ELF magnetic fields (>0.20 µT) was seen in the absence of genetic susceptibility to the disease, and a strong effect was found for genetic susceptibility in the absence of ELF magnetic fields (table 5). The joint prevalence of the two factors showed the strongest increase in risk, and a synergistic effect above additivity was indicated, particularly among monozygotic twins.
DISCUSSION
Although we could observe only a weak association for AMI, the result pointed in the same direction as the result from the study by Savitz et al. (1) (figures 1 and 2) . The outcome of an inverse association for ischemic heart disease other than AMI was also consistent with the findings from the Savitz et al. study (1) .
For subjects between 66 and 75 years of age, that is, up to 10 years after retirement, we observed a low-level increase in the relative risk, while subjects between 76 and 85 years of age showed no such increase. The lack of association may have been due to survivor effects. The outcome also showed that an increased risk of dying from AMI may be retained up to 10 years after cessation of the occupational exposure and that a potential biologic interaction is not restricted to acute effects. This finding might also show that it may be essential to truncate follow-up at a certain age, since effects from exposure that ceased long ago may fade away with increasing age at death from AMI. In the study by Sahl et al. (2) , the distribution of ages at death was not reported, but follow-up beyond the relevant ages might have influenced some results.
There seemed to be an inverse relation in relative risk for AMI as compared with ischemic heart disease other than AMI. An explanation could be that persons who die from AMI may deplete the pool of persons who are susceptible to later chronic coronary heart disease.
Statistical precision in this study, particularly among women and for specific diagnoses, was sometimes too limited for us to obtain conclusive results. The proportional distribution of the specific diseases in our study was not fully comparable to that of the Savitz et al. study. For example, the proportion of persons with arrhythmia as the primary cause of death (1.1 percent) was lower than in US data (3.1 percent). A possible reason could be variations in diagnostic criteria between the countries, differences in how death certificates are completed, or different age distributions or risk factor patterns.
We did not have access to data on morbidity. It is difficult to speculate on potential effects introduced by mortality data. Mortality and morbidity data should be more comparable for AMI than for other ischemic heart disease, where the progress of disease is slower, with longer survival times. It seems reasonable to think that the relative risks would have been strengthened if time to first heart attack had been analyzed, considering the hypothesis of an acute effect on heart rate variability from ELF magnetic field exposure.
The models including control for confounding factors yielded results almost identical to those of the analyses controlling for age only. Socioeconomic status is an established risk factor for AMI that we could not consider because of a lack of appropriate data. On the other hand, we took into account smoking, body mass index, alcohol drinking habits, and physical activity, that is, lifestyle factors that may summarize an important part of the risk carried by "socioeconomic status." When the analysis was restricted to manual workers, the precision was reduced but the risk esti- mates were largely unchanged. This suggests that the potential impact of socioeconomic status should be limited.
We based exposure assessment on the occupation given in the questionnaire, without taking duration of exposure into account, which was done in the US studies. On the other hand, the subjects from the older cohort that generated most of the cases belonged to generations that did not often change their occupation during their lifetime, and it is hard to judge the potential effects of this shortcoming. Controlling for twin cohort did not change the results. We also analyzed the cohorts separately. The risk estimates for the younger cohort were somewhat higher than those for the older cohort, but the confidence intervals were wider.
Exposure assessment was based on a job exposure matrix and not on individual measurements of exposure, an ideal but unrealistic approach. The method should mainly lead to nondifferential misclassification and to risk estimates closer to unity, particularly for the very high exposure group (24) . Misclassification due to changes of exposure within occupations over time may also contribute to bias, presumably also diluting the results.
Coronary heart disease has a strong genetic component (25) , which was also apparent from the present study. In addition to other known precursors with genetic components, the genetic influence on disease occurrence might be mediated by a genetic component for reduced heart rate variability. Reduced heart rate variability is a predictor for death from heart diseases (6-9). Some studies have shown higher correlations of heart rate variability between relatives as compared with nonrelatives (26) (27) (28) , and a study of twins also showed a genetic component in heart rate generation and heart rate variability (29) . Our analyses of synergy indicated that the combined occurrence of ELF magnetic field exposure and prevalence of AMI in the twin sibling increased the risk of AMI above additivity, particularly among monozygotic twins. The analyses were based on small numbers, but the results indicated that the effect of ELF magnetic fields is strengthened if a subject has a genetic predisposition for AMI, possibly induced by reduced heart rate variability. The question of effect modification from individual sensitivity such as genetic predisposition deserves to be further explored in studies of ELF magnetic fields and chronic diseases.
